In recent years there has been an increasing interest in the role of pentoses in carbohydrate metabolism. It is now clearly established that a number of pentose phosphates occur as normal intermediates in the oxidative catabolism of glucose. Although many of the reactions involving the pentoses were first encountered in studies of bacterial or plant carbohydrate metabolism, there is now evidence that mammalian tissues possess many of the same biochemical pathways.
Normal human urine regularly contains measurable quantities of the aldopentoses xylose, arabinose and ribose (1, 2) , and of the ketopentoses, D-ribulose and L-xylulose (2-4) in addition to small quantities of glucose, fructose, fucose, galactose, sucrose, lactose, mannoheptulose and sedoheptulose (1, 2, 5). Patients with essential pentosuria excrete gram quantities of the ketopentose, L-xylulose, independent of diet (6) (7) (8) . Ingestion of foods high in pentosan content, especially fruits and grains, is associated with a type of pentosuria called alimentary pentosuria (9) . The pentose excreted reflects that ingested, generally xylose or arabinose (1) . In addition, there are poorly defined pentosurias thought to be toxic or drug-induced (10, 11) or associated with neurological disease (1) .
A further point of great interest is that certain pentoses have been shown to be insulin responsive in various experimental animals. This responsiveness, interpreted by most workers as representing a facilitation of pentose transfer across cell membranes into intracellular fluid, was first thought to be restricted to those pentoses possessing a glucose-like stereochemical constitution of carbon atoms 1 to 3 (12) . Recent studies have shown, however, that insulin responsiveness is not restricted to such sugars (13, 14) .
Because of the increasing awareness of the bio-logical importance of the pentoses, and because of the paucity of information regarding their metabolism in man, we have investigated certain phases of pentose metabolism in normal human subjects. This paper presents data on the physiological disposition of infused D-xylose, D-arabinose, L-arabinose, and D-lyxose in man, and observations on the effects of these pentoses on blood levels of glucose, lactate and pyruvate, and inorganic phosphorus. Data on the effects of insulin on blood levels of infused pentoses are presented in a companion paper (13) . Studies have also been performed with D-ribose, but because the kinetics of its disposition, and the extent of its utilization, are quite different from the pentoses listed above, these data will be presented in a separate communication.
MATERIALS AND METHODS
D-xylose, D-arabinose, L-arabinose, and D-lyxose were obtained from Dr. Hewitt G. Fletcher, Jr., of the Section on Carbohydrates, Laboratory of Chemistry, of this Institute, or purchased from Pfanstiehl Chemical Company, Waukegan, Illinois. The purity of each sugar was checked by optical rotation (15) , and when indicated the sugar was purified by recrystallization from water using alcohol and seeding to induce crystal formation (16) . Ten per cent solutions, suitable for intravenous infusion, were prepared by the National Institutes of Health pharmacy and were tested and found sterile and nonpyrogenic prior to use. D-xylose-l-C14, specific activity 0.67 tc. per mg., was purchased from the National Bureau of Standards. The subjects of this study were normal male and female volunteers, ranging in age from 18 to 26 years. All subjects were maintained on diets containing at least 250 Gm. of carbohydrates daily, and were fasted overnight prior to any study.
At the start of a procedure, an indwelling No. 18 polythene needle was placed in an antecubital fossa vein, and attached to a three-way stopcock, through which normal saline was infused slowly. Two blood samples were then drawn, 10 minutes apart, for control chemical determinations. These and all subsequent samples were drawn through the indwelling needle without preliminary stasis. After control blood and urine samples were obtained, the sugar to be studied was infused in 10-to 20-Gm. quantities in the opposite arm over a 20-minute period. Thereafter, periodic blood samples were drawn for three hours, after which the subject was permitted to eat his normal meals. Fractional urine specimens were obtained for 24 hours, and preserved by freezing.
Analytical procedures
Glucose. Blood was collected in tubes containing fluoride and oxalate to prevent glycolysis and coagulation. Blood filtrates were prepared by the Somogyi procedure (17) and glucose was determined by the NelsonSomogyi method (18, 19) .
Pentose. In order to determine accurately the concentrations of glucose and of pentose or other hexose when glucose and a second sugar were present simultaneously in blood or urine, we have adapted an industrial method designed to determine true glucose in mixtures of sugars (20) . This method employs glucose oxidase to oxidize glucose selectively. Glucose can be measured by titration of the product, gluconic acid (20) , by measurement of oxygen consumption (21) , or by change in reducing power of the mixture, as in the present paper. Furthermore,-once glucose is destroyed, pentose can be determined by the standard orcinol reaction without glucose interference. Glucose oxidase is relatively specific for glucose (22) , acting upon its D-,B-glucopyranose form (23) , converting it to D-gluconolactone, and generating peroxide in the reaction. Several commercial preparations of glucose oxidase are available, all containing mutarotase (which catalyzes the interconversion of a and fi-glucopyranose) and catalase (which destroys the peroxide). In principle, the method used in these studies was similar to that developed by Froesch and Renold (5) , but since the details of the procedure developed in our laboratory were quite different, it is presented here.
Procedure
(All glassware must be scrupulously cleaned with detergent followed by sulfuric acid.)
A. Blood. (25) and certain other substances, and that the normal fasting glucuronic acid content of plasma ranges from 2.5 to 4.5 mg. per cent (26) , this orcinol value cannot be regarded as representing pentose. The orcinol value obtained on control blood filtrates was subtracted from each subsequent value.
Other methods
Lactate was determined on blood filtrates according to the Mitchell and Cournand modification (27) of the method of Barker and Summerson (28) . Pyruvate was determined on blood filtrates with lactic dehydrogenase according to Segal, Blair, and Wyngaarden (29) . Inorganic phosphorus was determined on serum according to Fiske and Subbarow (30) .
Expired CO, was collected for timed intervals of 3 to 5 minutes in a Douglas bag through a one-way valve arrangement. Room air was inspired. CO, and 0, content of expired air were measured in a Cambridge CO, analyzer and a Beckman Model E2 oxygen analyzer, respectively.8 The volume of expired air was measured in a Tissot spirometer, after removal of CO. by bubbling through CO.-free N NaOH. Carbonate was collected by precipitation with BaCl,. The BaCO. was washed with water till the supernatant solution was no longer alkaline, and dried in vacuo at 1100 F. overnight. BaCO, was then pulverized in a mortar, transferred to stainless steel planchets as an alcohol suspension, and counted at infinite thickness in a Robinson proportional gas-flow counter (31) having a background of 2 to 4 cp.m., and an efficiency at infinite thinness of 53 per cent. The cumulative excretion of CMO, was then determined according to Berlin, Tolbert, and Lawrence (32) .
Urinary C1' excretion was determined by counting urine in a Tricarb Liquid Scintillation counter.4 Two-tenths ml. of dilute urine, 2.8 ml. of alcohol, and 7.0 ml. of toluene containing 0.4 per cent 2,5-diphenyloxazole (33) were placed in a glass vial, mixed by gentle swirling, chilled, and counted to 1 per cent accuracy. Under these circum-stances the overall efficiency of counting was 45 per cent.
Urine was chromatographed on Whatman No. 1 paper in a descending system for 24 hours employing watersaturated phenol (Mallinckrodt) as solvent. After overnight air drying, the papers were sprayed with bromcresol purple-boric acid-borax solution (34) for visualization of polyhydroxy compounds, and with aniline hydrogen phthalate in n-butanol (35) for visualization of aldoses. Compounds were eluted by descending chromatography with water; eduates were counted in the liquid scintillalion counter -as described above.
Periodate oxidation of urine containing C"-xylose and possible metabolites was performed according to Eisenberg (36) . Recrystallized dixanthydryl urea was prepared from urine according to Fosse (37) . 6 The orcinol reaction is not specific for pentoses, and metabolites of the infused pentoses may be included in these values. was considerably slower than normal in the two cirrhotic patients. Since the glomerular filtration rates (endogenous creatinine clearances) in these subjects were not greatly reduced, these results would suggest that the liver plays an important role in the removal of xylose from the blood.
Effect of pentose on blood levels of glucose, lactate, pyruvate, and inorganic phosphate
The fasting blood glucose values ranged from 43 to 96 mg. per 100 ml. in the normal subjects (Mean, 66 mg. per 100 ml). Following the infusion of 5 to 20 Gm. of xylose, the blood glucose values rose in at least 10 of 13 studies performed on four individuals. These rises ranged from 10 to 32 mg. per cent, but were not well correlated with the quantity of xylose infused. The maximum glucose values were consistently recorded 30 to 40 minutes after the end of the pentose infusions, and were followed by gradual declines of blood glucose values to or below the control concentrations. Examples of these rises of blood glucose may be seen in the companion paper by Segal, Wyngaarden, and Foley (13) . Similar fusions of L-arabinose (Table I) . No significant increases of blood glucose were observed following infusions of D-arabinose or D-lyxose.
Blood lactate 6 and pyruvate concentrations 7 were not significantly or consistently altered by infusions of pentoses (Figure 2) . Although only the results following xylose infusions are shown, they are also typical of those observed following infusions of the other pentoses. These results are in striking contrast to those obtained following infusions of glucose or of fructose, which regularly cause significant rises of both of these substances (38, 40) .
The levels of inorganic phosphate in serum consistently declined during infusions of pentose. During the infusions of D-xylose, a mean fall of 0.42 mg. per cent (expressed as phosphorus) occurred. Following the infusion, the level of phosphate gradually rose and returned essentially to control levels in two hours. In patients receiving D-or L-arabinose, or D-lyxose, an initial fall of serum inorganic phosphate was also observed, but this fall was of lesser magnitude. The mean re- 6 Lactate and pyruvate values were determined following xylose infusion (including 2-to 20-Gm. infusion studies) in six instances, and following D-arabinose, L-arabinose and D-lyxose infusion in two instances each. 7 The apparent constancy of the lactate/pyruvate ratio in blood has impressed earlier workers (38, 39) . In the present study this ratio has ranged from 9.5 to 18.0 in over 120 determinations on 10 individuals, including control, cirrhotic and diabetic subjects. The mean value was 14.8, a value higher than that obtained by previous workers. This discrepancy reflects the lower values obtained for pyruvate with the specific enzymatic method than with the older procedures.
sponses of serum inorganic phosphorus to infusions of 10 Gm. of D-xylose (five studies), and L-arabinose (three studies), 10 or 20 Gm. of D-arabinose (three studies), and 20 Gm. of D-lyxose (one study) are shown in Figure 3 .
Distribution of xylose in body fluids
In two constant infusion experiments, the rates of urinary excretion of xylose were measured and compared with the rates of intravenous infusion. In the first experiment,8 xylose was lost in the urine at a rate of 17.4 mg. per minute while being infused at a rate of 35 (41) . However, the entrance of xylose into the erythrocyte appears to be dependent upon an active transport mechanism, rather than upon simple diffusion (42 (Table I ). The range of these values is quite comparable to those encountered in the studies with D-xylose with this method of calculation, both as to space in liters and as to the percentage of body weight occupied by the pentose compartment. They are probably in error by about the same percentage (38 per cent too high) as in the case of D-xylose, but they do indicate that all of the pentoses studied are largely distributed in extracellular fluid. In this connection it is of interest to note that D-xylose has been shown to penetrate hepatic and renal tissue but not appreciably into muscle in the rat (48) under ordinary circumstances.
Urinary excretion of pentoses
The urinary excretion of pentoses was followed for 24 hours in almost all subjects. In control subjects known to excrete only trivial amounts of glucose normally, pentose was measured directly by the orcinol method without employment of glucose oxidase. In a few studies pentose excretion was checked by the more specific but far less sensitive p-bromaniline method (49) , and excellent agreement with the orcinol results was found.
The urinary recoveries of infused pentoses are also shown in Table I . Approximately one-third to one-half of the quantity infused was recovered in urine as orcinol reactive material, and again there is no striking departure from this range for any specific pentose, although considerable variation is noted. The mean urinary excretion for all the pentoses was 43.5 per cent of the administered dose (Range, 27 to 60 per cent, neglecting one value of 18 per cent, which is probably in error). It is of interest that in the cirrhotic subjects (Table II) Figure 4 shows that the cumulative urinary excretion of administered xylose was 54 per cent, measured as C14, and 50 per cent, measured by orcinol reaction. The C14 value may include traces of xylose metabolites, including traces of labeled bicarbonate and urea. In the second study, 45 per cent of the label appeared in urine, so that both load and tracer doses of xylose appear to be handled similarly in the body. In Figure 5 are plotted the rates of urinary excretion of xylose, measured by C1' and orcinol methods. These results again indicate that the disappearance of xylose from blood is in part due to a first order excretion process. The half-time of xylose excretion in urine is of the same order as that of its disappearance from blood. When urine was chromatographed, virtually all of the C14 recovered was found in the xylose band, suggesting that the orcinol reactive substance represented unaltered xylose, and less than 0.1 per cent traveled in the bands opposite markers of xylitol or D-xylonolactone, two possible early metabolites. In agreement with these results, less than 0.1 per cent of the label appeared in CO2 obtained from periodate treatment of urine from which gaseous CO2 had been removed. This result excludes xylonic acid as a significant urinary product. The expired carbon dioxide was found to be maximally labeled 45 minutes following the end of the xylose-C14 infusion, although the first CO2 sample, collected five minutes after the end of the 10-minute infusion was already appreciably labeled ( Figure 6 ). The cumulative C1402 expiration represented 13.5 per cent of the administered label, and C14 was present in expired CO2 in detectable amounts for six hours.
The finding that labeling of respiratory CO2 was maximal 45 minutes following the infusion of xylose is quite comparable to results obtained in dogs (50) and man (51) following infusion of labeled glucose, and indicates that there is a lag of about three-fourths of an hour between removal of xylose or glucose from blood and delivery of CO2 derived therefrom to the lung. In the case of glucose, these results are well explained by a correlation of the glucose disappearance time and the half-time of the bicarbonate pool turnover which is 30 to 45 minutes in dogs (50, Discussion, p. 52) and man (52) . The similarity of the CO2 labeling pattern following infusion of labeled xylose probably indicates that the intermediary pools between xylose and CO2 have rapid turnovers, as in the case of glucose (50, Discussion, p. (55, 56) . However, this value is not constant, but increases as the glucose load increases, whereas the K value calculated from the glucose increment data is constant at various glucose loads (56) . We are in agreement with Duncan (56) that calculations employing glucose increments are based on a more reasonable physiological premise. 52). Indeed, as discussed later, some of these intermediates may be identical.
Urinary urea, isolated as its dixanthydryl derivative, was found to contain C14 in small amounts, the concentration being clearly maximal in the second-hour specimen. This labeling of urea reflected the utilization of C1402 in the formation of urea via ornithine and arginine, but quantitatively represented no more than 0.2 per cent of the C14 found even in the second-hour specimen. The close temporal correspondence between the peaks of expired CO2 and urinary urea labeling is of interest, and indicates that the metabolic and excretory time lags in the processes of formation and excretion of urea are short.
The fate of the residual 32 per cent of the administered label is obscure, as is that of the lower four carbons of the xylose whose first carbon appeared as CO2. Attempts to follow C14 excretion in later urine specimens showed that no more than 0.2 per cent of the administered isotope appeared on days 2 or 3. (41, 60) , and with limited animal data obtained with D-xylose in dogs (43) and rabbits (61, 62) , and with L-arabinose in rabbits (63) . It is of interest also that intravenously administered L-xylulose is well utilized by the dog, Xylose excretion has been carefully studied at a renal level. Almost no urinary excretion occurs in the aglomerular fish whereas rapid renal excretion is found in glomerular fish (65) . In several species xylose/inulin clearance ratios ranged from 0.60 to 0.82 (66) , but when plasma glucose concentration was raised to 300 mg. per 100 ml., a level high enough to saturate the glucose reabsorbing mechanism, the xylose/creatinine clearance ratio in the dog increased to 1.0 (67) . The reabsorptive process, therefore, appears to be an active one involving the glucose transport system.
In the dog, xylose excretion has been found to be linearly related to plasma concentration (43) . From our data also it would appear that the logarithmic disappearance curve of xylose from plasma is in part attributable to a first order excretion process. No work has been published relating to the renal handling of the arabinoses or of lyxose to the authors' knowledge.
The fate of the pentoses escaping rapid excretion required consideration. Early work in animals failed to show clearly that the pentoses were converted to glycogen. Although such a fate was claimed for D-xylose in the rat by Thomas, Gradinescu, and Imas (68), this was not confirmed by Miller and Lewis (69) . And, although Rice and Roe (70) found D-arabinose administration to increase liver glycogen in fasted rabbits, Bloom and Stetten (71) found that D-arabinose-1-C" and D-arabinose-5-C" did not give rise to significant yields of C"402 either when incubated with rat liver slices or when administered to intact rats and rabbits.. In our studies there do appear to be slight increases of blood glucose following infusions of D-xylose and L-arabinose. Similarly, Brien (51, 50, Discussion, p. 52) , and this finding further suggests that xylose is in part rapidly metabolized.
The utilization of pentoses raises questions regarding the manner of their entry into mammalian metabolic pathways. The drop in serum level of inorganic phosphate occurring during pentose infusions and noted also following oral administration of D-xylose (72) , suggests the possibility of initial or early phosphorylation. The only mammalian pentose kinase thus far identified and purified is D-ribokinase (73) . In bacterial systems the aldopentoses are generally first isomerized to their ketopentose derivatives (74, 75) before phosphorylation occurs (75, 76) .
Present knowledge of pentose metabolism is summarized in Figure 7 . Those pathways known to occur in mammalian tissue are marked with an "M." Pathways marked with a "? " have not yet been demonstrated to occur in biological systems but are suspected to exist. Unmarked pathways are those known to exist in plant or bacterial systems but not demonstrated in mammalian systems.'2 Free pentoses employed in this study are underscored for emphasis.
A reasonable hypothesis for the entry of D-xylose into general pathways of mammalian carbohydrate metabolism can be offered. D-xylose is converted to D-xylulose by xylose isomerase (75, 76) . D-xylulose is then phosphorylated at the expense of ATP to form D-xylulose-5-phosphate (77) . The number 1 carbon atom of xylulose phosphate (corresponding to the position of C" in the xylose-C" employed) eventually becomes C-1 of fructose-6-phosphate and would be lost as CO2 in either the phosphogluconic acid oxidation cycle or in the Krebs cycle. During the period of logarithmic disappearance of xylose from blood, 27 per cent of the retained xylose was accounted for as C1402. In the case of glucose-C"4, (79) . In the case of the arabinoses also, the reactions upon which a tentative interpretation may be predicated ( Figure 7) have not all been demonstrated to occur in mammalian tissue, yet they appear likely mechanisms to explain the metabolism of the non-excreted fractions of the infused sugars, and all are known biological reactions. The possibility of pentose transformations as components of nucleotides (80) must also be borne in mind.
Almost no information exists regarding pathways of metabolism of D-lyxose. A possible point of entry into the known metabolic channels is via D-xylulose. Isomerization of the pentoses D-xylose = D-xylulose = D-lyxose, suggested by this scheme, would be analogous to that occurring with D-glucose = D-fructose . D-mannose, the respective hexose analogues of the three pentoses. The hexose tautomerizations actually involve the phosphate esters rather than the free sugars (79) (84) . The products of the dehydrogenation of pentoses are unknown, but would probably involve pentonic acids, by analogy with the dehydrogenase reactions involving glucose (81) . However, if xylonic acid is a product of such reactions in man, it must be further metabolized, for no evidence for its occurrence in urine was obtained in this study.
SUMMARY
Following their infusion intravenously into normal subjects, the aldopentoses D-xylose, D-arabinose, L-arabinose, and D-lyxose disappear from blood at rates proportional to concentration. The half-times of disappearance were similar for the four pentoses, and averaged 71 minutes. Approximately 40 per cent of the administered pentoses were recovered unchanged in the urine. The pentoses were shown to be distributed initially in a volume of body water somewhat larger than that of extracellular water. The rate of disappearance of xylose from blood was considerably slower than normal in two cirrhotic subjects.
The infusion of each of the pentoses was accompanied by a significant drop in the serum level of inorganic phosphate, but no change in the blood levels of lactate or pyruvate were observed. Slight rises of blood glucose levels were frequently observed following infusions of D-xylose or L-arabinose.
Limited studies with D-xylose-l-Cl have shown that this sugar is in part rapidly metabolized, giving rise to labeling of expired CO2. No significant labeling of urinary products other than of the unchanged D-xylose was detected.
The metabolism of the non-excreted portions of these pentoses was discussed in terms of present concepts of carbohydrate metabolism -in mammalian systems.
